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Aim: The aim of the present study was to analyze the response of vascular circulating
microRNAs (miRNAs; miR-16, miR-21, miR-126) and the VEGFmRNA following an acute
bout of HIIT and HVT in children.
Methods: Twelve healthy competitive young male cyclists (14.4 ± 0.8 years;
57.9 ± 9.4ml·min−1·kg−1 peak oxygen uptake) performed one session of high intensity
4 × 4min intervals (HIIT) at 90–95% peak power output (PPO), each interval separated
by 3min of active recovery, and one high volume session (HVT) consisting of a constant
load exercise for 90min at 60% PPO. Capillary blood from the earlobe was collected
under resting conditions, during exercise (d1 = 20min, d2 = 30min, d3 = 60min), and
0, 30, 60, 180min after the exercise to determine miR-16, -21, -126, and VEGF mRNA.
Results: HVT significantly increased miR-16 and miR-126 during and after the exercise
compared to pre-values, whereas HIIT showed no significant influence on the miRNAs
compared to pre-values. VEGF mRNA significantly increased during and after HIIT (d1,
30′, 60′, 180′) and HVT (d3, 0′, 60′).
Conclusion: Results of the present investigation suggest a volume dependent exercise
regulation of vascular regulating miRNAs (miR-16, miR-21, miR-126) in children. In line
with previous data, our data show that acute exercise can alter circulating miRNAs
profiles that might be used as novel biomarkers to monitor acute and chronic changes
due to exercise in various tissues.
Keywords: children, endurance, exercise, microRNAs, training adaptation
INTRODUCTION
High-intensity interval training (HIIT) when compared to low-intensity high volume training
(HVT) has been shown to induce similar physiological adaptations. Among adult athletes,
numerous studies involving sophisticated invasive methods have identified the molecular and
cellular events related to HIIT (Gibala, 2009; Gibala et al., 2009). However, from an ethical
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standpoint, invasive methodologies may not be appropriate
in youth populations. Therefore, minimally invasive methods
for assessing molecular and cellular events are needed to
better understand important mechanisms of gene regulation
and cellular adaptations following training among adolescent
populations. Studies on HIIT and HVT with highly-trained
teenage athletes have been conducted in triathlon (age: 15.8 ±
1.8 years; Wahl et al., 2013; Zinner et al., 2014), football (age:
13.5 ± 0.4 years; Sperlich et al., 2011), swimming (age: 16.6 ±
1.4 years; Faude et al., 2008), alpine-skiing (age: 17.4 ± 1.1 years;
Breil et al., 2010), and cross-country-skiing (age: 17.5± 0.4 years;
Sandbakk et al., 2013). However, these studies primarily focus on
performance, with little attention given to hormonal responses
following different exercise regimes (Engel et al., 2014; Zinner
et al., 2014). Nevertheless, more cellular analyses like microRNAs
(miRNAs) have not been investigated in children/adolescents yet.
Up to now, only one study examined circulating miRNAs in
young untrained men (age: 21.5 ± 4.5 years) after a single bout
of steady-state cycling (70% VO2max; Aoi et al., 2013).
Recently, a novel, minimally invasive method for the analysis
of miRNAs from 20µL of capillary blood from the earlobe
(Wehmeier and Hilberg, 2014) has been developed which enables
assessment of stress-related changes at the molecular and cellular
level, both in adults and children. miRNAs are small non-coding
RNA molecules (containing about 18–22 nucleotides), which are
involved in the regulation and control of the gene expression at
the post-transcriptional level of approximately one-third of the
human genes (He and Hannon, 2004; Lewis et al., 2005). Recent
studies show, that extracellularmiRNAs are detectable in a variety
of biological fluids such as serum, plasma, urine, and saliva at rest.
Furthermore, expression levels of extracellular miRNAs change
in response to variable conditions such as physical exercise
(Baggish et al., 2011, 2014), inflammation (Davidson-Moncada
et al., 2010), and muscle hypertrophy (Davidsen et al., 2011). The
circulating miRNAs (c-miRNAs) are present in a highly stable,
cell-free form, and are protected by various mechanisms from
endogenous RNase degradation and can be used as minimally
invasive biomarkers in the blood (Fichtlscherer et al., 2011;
Zampetaki et al., 2011). The exact mechanisms for the release and
transport of cell-free miRNAs have yet to be investigated. There
is however, initial evidence that miRNAs could be transported
in exosomes, microvesicles, microparticles, lipid vesicles, or
apoptotic bodies, and can be taken up by recipient cells exerting
regulatory processes (Arroyo et al., 2011; Fichtlscherer et al.,
2011).
Recent studies show that miRNAs play an important role
in the control of angiogenesis and vascular integrity (Urbich
et al., 2008). A number of miRNAs have since been described
that are expressed at high levels in the endothelium and that
regulate key genes and activities. Several studies showed that
miR-16, -21, and -126 are important regulators of angiogenic
processes, including the survival, maintenance, and formation
of new capillaries (Urbich et al., 2008; Wang et al., 2008; Fish
and Srivastava, 2009; Suárez and Sessa, 2009). These miRNAs—
also called “angiomiR”—are highly expressed in endothelial
cells, and have been shown to be regulated by exercise (Suárez
and Sessa, 2009; Quintavalle et al., 2011; Fernandes et al.,
2012). Recent reviews by Xu et al. (2015) and Altana et al.
(2015) summarize numerous studies examining the response
of (circulating) miRNAs to exercise. For circulating miRNA-
126, the maximum expression level was determined during
endurance exercise 30min after the start (Uhlemann et al., 2014).
Fernandes et al. (2012) have analyzed the expression of miR-
16, -21, and -126 in muscles after exercise and reported an up-
regulation of miR-21 and miR-126. However, researchers have
yet to determine if circulating miRNAs change in children in
response to exercise and if the molecular response is affected by
different training protocols (Altana et al., 2015; Xu et al., 2015).
HIIT or HVT, are well-known stimuli with positive effects on
endothelial function and angiogenic processes (Egginton, 2009).
However, the exact regulation remains unknown, especially in
children. Previous studies demonstrated that levels of angiogenic
growth factors in the circulation are influenced by training
intensity and volume (Wahl et al., 2011, 2014). In a previous
study, we discovered that endurance exercise—independent of
intensity—promoted a phosphatidylserin-dependent uptake of
endothelial microparticles (EMP) into target endothelial cells,
which was associated with a protection of target cells against
apoptosis (Wahl et al., 2014). Importantly, it has been shown
that EMPs promote vascular endothelial repair by delivering
functional miR-126 into recipient cells (Jansen et al., 2013).
Limited empirical attention has been devoted to angiogenic
processes or capillarization in youth and adults. Investigations
with children are entirely missing. Studies with adults
demonstrate that the skeletal muscle capillarization under resting
conditions, as well as the vascular endothelial growth factor
(VEGF) mRNA expression and VEGF protein concentration
in the circulation are lower among older adults (65 years)
compared with young men (21 years) regardless of rest or after
45min cycling at 50% VO2max (Ryan et al., 2006). Furthermore,
irrespective of the training status older men show fewer muscle
capillary contacts of type IIA and IIX fibers compared to young
men, although no difference in muscle capillarization of type I
fibers exists (Proctor et al., 1995). Although, these studies did not
compare adults with children, they provided initial indication
that angiogenic processes might differ as a consequence of
age. Hence, it seems logical that angiogenic processes might be
different in a youth population compared to an older sample.
Given (1) the dearth of knowledge regarding responses to
vascular regulating factors of children to HIIT and HVT, and
(2) new developments in ethically justifiable methods for the
analysis of miRNAs (Wehmeier and Hilberg, 2014), the aim
of the present study was to specifically analyze the response
of circulating miRNAs (miR-16, miR-21, miR-126) and VEGF
mRNA to an acute bout of HIIT and HVT in children.
MATERIALS AND METHODS
Subjects and Ethics Statement
A total of 12 healthy competitive young male cyclists took
part in this study (mean ± SD age: 14.4 ± 0.8 years, body
mass: 57.1 ± 13.4 kg, size: 173.3 ± 11.4 cm; tanner stages:
3.6 ± 1.0, relative peak oxygen uptake (VO2peak): 57.9 ±
9.4ml·min−1·kg−1). The participants had a training history of 3.7
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± 0.9 years. The training workload summed up to 100–150 km
per week and consisted of continuous endurance training as well
as HIIT (4× 4min, 30–30 s). Furthermore, the athletes regularly
participated in cycling competitions on weekends, which are
characterized by an intermittent exercise profile. The study
protocol was performed in accordance with the declaration of
Helsinki and approved by the ethical Committee of the German
Sport University Cologne, Germany. The participants and their
guardians were informed about the design, potential risks and
benefits of the study, and gave written informed consent to
participate in the study.
Exercise Study Protocol
For the measurement of peak oxygen uptake (VO2peak) and
the proper adjustments of training intensity, athletes performed
an incremental step test on a cycle ergometer (Schoberer Rad
Meßtechnik SRM GmbH, Juelich, Germany). The step test
consisted of cycling at ≥ 80 rpm with an initial workload of 80
and 20 W increments every 3min until volitional exhaustion.
During each step, oxygen uptake (VO2; Cortex Metamax
R© 3B,
Cortex Biophysik, Leipzig, Germany), heart rate (HR; Polar
S710, Polar Electro GmbH, Büttleborn, Germany), and capillary
lactate concentrations [La] (EKF Diagnostic Sales, Magdeburg,
Germany) were determined.
In order to test the effects of different endurance exercise
protocols on the expression of miRNAs, the subjects visited
the laboratory on two different days in a randomly chosen
order. Between the first and second exercise protocol there
were 7–9 days in which the participants continued their normal
training. Prior to all testing, the cyclists were not allowed to
perform strenuous exercise 48 h prior to testing. The HIIT
session involved 4 × 4min at 90–95% peak power output (PPO)
separated by 3min of active recovery (45% PPO) and a warm
up for 10min at 50% PPO. The HVT session involved 90min
at 60% PPO (Figure 1). All tests were carried out at the same
time of day with identical ambient conditions (temperature:
23 ± 1◦C; relative humidity: 35 ± 2%). During each session,
spirometric data and heart rate were recorded continuously.
Blood pressure was measured before and at the end of each
intervention (Philips C3 patient monitor, Philips Deutschland
Gmbh, Hamburg, Deutschland). Furthermore, Borg’s Rating of
Perceived Exertion (RPE) Scale was used to assess subjective
perception of effort. A standardized food intake was given 2 h
before and 30min after each intervention. The subjects received
10 g carbohydrate and 0.25 g protein per kg bodyweight in
the form of low fat chocolate milk and energy-bars as advised
elsewhere (Pritchett et al., 2009).
Measurements
Blood Sampling
During each session, capillary blood samples (20µL) were taken
from the earlobe for the analyses of lactate [La] (EBIOplus, EKF
Diagnostic Sales, Magdeburg, Germany) and pH (AVL Omni 6;
Roche Diagnostics GmbH, Mannheim, Germany). During HIIT,
blood was sampled for [La] at baseline (pre), post warm-up, after
each 4min bout, immediately after HIIT (post), and 5min post.
Blood for pH analysis was sampled prior to and after the second
FIGURE 1 | Exercise study protocols for HIIT (A) and for HVT (B)
including the duration, time points of blood sampling as well as the %
of peak power output (%PPO); d = during.
4min bout, as well as immediately post-HIIT. DuringHVT blood
was sampled at pre, 15, 30, 60min, post-HVT, 5min post for [La]
analysis and pre, 45min, post-HVT for the determination of pH.
According to previous studies (Nielsen et al., 2010; Banzet
et al., 2013; Tonevitsky et al., 2013) the analyses of miRNAs and
the VEGF mRNA capillary blood samples were collected from
the earlobe at the following time points: before (pre), during
(d1= 20min, d2= 30min, d3= 60min), and 0min (0′), 30min
(30′), 60min (60′), and 180min (180′) after each intervention
(Figure 1).
Quantification of miRNA Expression
The quantification of miRNA expression was performed
following procedures outlined by Baggish et al. (2011) and
explained here briefly as follows: for the quantification of mRNA
and miRNA by RT-PCR, capillary blood was collected from
the earlobe using a 20µL capillary (End-to-End Kalium-EDTA
capillaries, Sarstedt, Nürmbrecht, Germany). Wehmeier and
Hilberg (2014) have shown, that the expression levels of mRNAs
and miRNAs using either capillary blood or venous blood sample
are nearly identical making the capillary miRNA analysis an
appropriate method. Also Robison et al. (2009) demonstrated,
that for the isolation of RNA capillary blood by fingerstick is
comparable to the standard method of RNA isolation of whole
blood by venipuncture. Furthermore, Wang et al. (2011) showed
that the relative increase and changes over time of miRNAs
(miR-133, -328) in plasma and whole blood are similar, although
the absolute values in whole blood are higher. In fact, the use of
capillary blood has one major advantage as the sample was mixed
immediately with Trizol solution, so that all cellular processes
were stopped immediately. The capillaries were transferred into
Frontiers in Physiology | www.frontiersin.org 3 March 2016 | Volume 7 | Article 92
Kilian et al. MicroRNAs and Exercise in Children
a 1mL peqGOLD TriFast reagent (peqLAB Biotechnologie,
GmbH, Erlangen, Germany) and stored at −80◦C. The isolation
of total RNA from the capillary blood was performed according
to the protocol for the peqGOLD TriFast reagent. According
to Zhu and Altmann (2005) 18S rRNA can be regarded as
an endogenous stable reference gene for real time PCR when
using a co-application reverse transcription (Co-RT) method.
Therefore the quantitative real time RT-PCR reaction was
performed in a Stepone real time PCR unit (Applied Biosystems,
Life Technologies, Darmstadt) running the two reactions of 18S
rRNA and VEGFmRNA in the same tube, guaranteeing the same
conditions (efficiency). The reaction mixture (20µL) contained
0.16µL RT Enzyme Mix, 10µL RT-Mix, 100 nM of each
primer and 2µL sample. Each probe was tested in a duplet. To
normalize differences in total RNA, the 18S ribosomal RNA was
analyzed as a control by applying the primer TaqMan Ribosomal
RNA Control Reagents VIC Probe (Applied Biosystems, Life
Technologies, Darmstadt). The 5′ forward primers VEGF-
AGGAGGAGGGCAGAATCATCA-3′, reverse 5′-VEGF
TCTCGATTGGATGGCAGTAGC-3′, and the Taqman probe:
5′ (FAM)-TGGT GAAGTTCATGGATGTCTATCAGCGC-
(TAMRA)-3′ were applied for the analysis of the VEGF mRNA
(Yasuda et al., 2004). A dilution ladder of human standard RNA
(Applied Biosystems, Life Technologies, Darmstadt) was applied
to create a standard curve for quantitative analysis of the target
RNAs. In addition, a standard curve for the 18S rRNA was
measured to control the efficacy of the measurements. In all
measurements the 18S rRNA was stable. The miRNAs-16, -21,
-126 were determined using TaqMan microRNA assays (Life
Technologies, Darmstadt, hsa-miR-16, hsa-miR-21, hsa-miR-
126). A total of 5µl of the isolated total RNA were used for the
reverse transcriptase and thereof 1µL for the real time PCR
detection assay. The cycle thresholds (CT) data were determined
using default threshold settings and the mean CT was determined
from duplicate PCRs. The relative levels of mRNA, e.g., miRNA
expression were normalized to the endogenous control gene (18S
rRNA) and were calculated using the 2−11CT method (Livak
and Schmittgen, 2001). 1CT was calculated by subtracting the
CT-values of 18S rRNA from the average CT-values of the target
mRNA, e.g., miRNA. 1CT-values were then compared (11CT)
with each participant’s own resting baseline at the pre-time point
(normalized to fold change of one).
Calculations
Total energy expenditure (EE) and total work were determined
for each session. Total EE was considered as the sum of EE
during warm-up (EEWU), EE during the intervals (EEInt), and
EE during the recovery periods (EERec). For each of the periods,
EE was calculated separately according to previous reports (Scott
et al., 2006) based on oxygen consumption and lactate production
(1lactate):
EEWU : time · 21.2 · VO2WU +1lactate · body weight·
0.003 · 21.2
EEInt : time · 21.1 · VO2Int +1lactate · body weight·
0.003 · 21.1
EERec : time · (19.6 · (VO2Rec − VO2WU)+ 21.1 · VO2WU)
During warm-up and the intervals, a caloric equivalent of 21.1
kJ per 1 l oxygen was used. For the recovery periods, the caloric
equivalent of the excess post-exercise oxygen consumption was
set at 19.6 kJ per 1 l oxygen (Scott, 2005; Scott and Kemp, 2005).
An increase in 1mmol · L−1 of lactate was considered equivalent
to 3ml of oxygen per kg body weight (Di Prampero and
Ferretti, 1999). For WU, 1lactate was defined as the difference
between afterWU- and rest-values, and for the intervals,1lactate
was equivalent to the difference between the values after the
first interval and after WU. The first interval was considered
representative for all intervals as the power output was constant
for all four intervals. Total work [kJ] was calculated by the
following formula:
Total work = (MPO[W] · exercise time[s]) · 1000−1.
Statistical Analyses
Statistical analyses of the data were performed using a statistics
software package (Statistica for Windows, 7.0, Statsoft, Tulsa,
OK; SPSS, Chicago, IL). Subject characteristics and exercise
testing data are presented as means ± standard deviation (SD).
miRNA and VEGF mRNA are presented as means ± standard
error of the mean (SEM). All data were tested for normality
with no further transformation needed. To test for differences,
we used a Two-way repeated-measures ANOVA [intervention
(HIIT, HVT); time (pre, d1, d2, d3, 0′, 30′, 60′, 180′)] with a
Fisher post-hoc test. Correlation analyses were performed using
the Spearman or Pearson’s method as appropriate for the data
distribution. The area under the curve (AUC) was calculated to
compare the post-exercise recovery time points between HIIT
and HVT. A Student’s t-test was performed to test differences
for the AUC between HIIT and HVT. Statistical differences were
considered to be significant for p ≤ 0.05.
RESULTS
Mean power output, mean and peak lactate, mean and min pH,
total work, energy expenditure, total oxygen consumption, mean
and peak heart rate, and RPE for HIIT and HVT are shown in
Table 1. Total work, total EE, and total oxygen consumption were
higher during and after HVT (all p < 0.0001), whereas mean
power output (p = 0.02), mean and peak heart rate, RPE, and
systolic and diastolic blood pressure were higher in HIIT (all p
< 0.0001). Mean and min pH was significantly lower (p = 0.006
– 0.002), whereas mean and peak [La] was higher (p < 0.0001)
during HIIT compared to HVT.
mir-16
Over-all ANOVA showed no time effect (p = 0.46), no
intervention effect (p = 0.14), and no interaction effect
(intervention∗time; p = 0.38). Post-hoc analysis revealed
significantly higher levels 30′ post-exercise for HVT compared
to HIIT (p = 0.008) and to pre-values (p = 0.02).
The AUC for the post-exercise time points did not differ
significantly between HIIT and HVT (193 ± 160 vs. 404 ± 282;
Figure 2A).
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TABLE 1 | Overview of the two interventions.
High-intensity
interval training
High-volume
training
Total time [min] 4× 4 with 3min
recovery (=25min)
90
% of peak power output 90–95 60
Mean power output [W] 163± 39* 146±35
Mean heart rate [bpm] 189± 11* 159±12
Peak heart rate [bpm] 194± 10* 163±12
Mean lactate concentration [mmol·L−1 ] 5.3± 2.2* 1.1±0.5
Peak lactate concentration [mmol·L−1 ] 6.3± 2.7* 1.5±0.6
Mean pH [AU] 7.35± 0.04* 7.39±0.02
Minimum ph [AU] 7.31± 0.06* 7.38±0.02
Total work [kJ] 352± 84* 786±187
Energy expenditure [kJ] 1866± 525* 4172±1150
Total oxygen consumption [L] 83± 24* 197±55
Ratings of perceived exertion [AU] 16± 2* 12±2
Blood pressure systolic [mm Hg] 144± 24* 118±19
Blood pressure diastolic [mm Hg] 89± 17* 78±15
Data are shown as mean± SD.*significantly different from high-volume training; p < 0.05.
miR-21
Over-all ANOVA showed no time effect (p = 0.82), no
intervention effect (p = 0.19), and no interaction effect
(intervention∗time; p = 0.23). Post-hoc analysis revealed
significantly higher levels 30′ post-exercise for HVT compared
to HIIT (p < 0.001) and significantly lower levels for HIIT 30′
post-exercise compared to pre-values (p = 0.02). The AUC for
the post-exercise time points did not differ significantly between
HIIT and HVT (134± 89 vs. 213± 152; Figure 2B).
miR-126
Over-all ANOVA showed a time effect (p = 0.04), no
intervention effect (p = 0.18), and no interaction effect
(intervention∗time; p = 0.16). Post-hoc analysis revealed
significant increases at d2 (p = 0.01) and 60′ post-exercise (p =
0.02) for HVT as well as significant differences between HIIT
and HVT for 60′ (p = 0.003) and 180′ (p = 0.04) post-exercise
with higher values for HVT. The AUC for the post-exercise time
points did not differ significantly between HIIT and HVT (197±
157 vs. 433± 316; Figure 2C).
No significant correlations were found between VO2max and
peak levels of miR-16 (HIIT: r = −0.41; HVT: r = 0.04), miR-21
(HIIT: r = 0.12; HVT: r = 0.31), and miR-126 (HIIT: r = −0.25;
HVT: r = 0.41).
VEGF mRNA
Over-all ANOVA showed a time effect (p = 0.02), no
intervention effect (p = 0.86) and no interaction effect
(intervention∗time; p = 0.24). Post-hoc analysis revealed that
VEGF mRNA significantly increased at d1 and 30′, 60′, and 180′
after HIIT (p < 0.003) and at d3, 0′ and 60′ after HVT (p < 0.05)
when compared to baseline values. The AUC for the post-exercise
time points did not differ significantly between HIIT and HVT
(358± 132 vs. 388± 205; Figure 2D).
DISCUSSION
Altana et al. (2015) and Xu et al. (2015), recently summarized the
few studies that have examined the impact of exercise in vivo on
circulating miRNAs. As no such data was available in children,
the aim was to investigate the acute responses of circulating
angiogenic regulating miRNAs during and after high-intensity
and high-volume cycling in youth. The present study showed
that the miR-16, -21, -126 are upregulated during and after
HVT. In contrast, the HIIT session did not affect the miRNA
expression. The VEGF mRNA was up-regulated during and after
both interventions.
miR-16 has been shown to be produced by human endothelial
cells and is implicated in suppressing VEGF, VEGF receptor 2
(VEGFR2), basic fibroblast growth factor (bFGF), and fibroblast
growth factor receptor 1 (FGF-R1; Chamorro-Jorganes et al.,
2011; Triozzi et al., 2012). miR-16 reduces proliferation,
migration, and angiogenic capacity of endothelial cells in vitro
(Caporali and Emanueli, 2011). In young men, Aoi et al.
(2013) reported that circulating miR-16 was affected neither
by acute nor chronic exercise (Aoi et al., 2013). In the
present study, childrens’ response of miR-16 showed slight
increases directly after commencing HVT, with a significant
upregulation 30min post-exercise. Conversely, HIIT did not
influence the miR-16 expression level. In contrast with these
findings, previous research with untrained adults (VO2max 42.0
± 2.0mL·kg−1·min−1) showed a significant down-regulation of
miR-16 (1.23-fold change) after a high intensity interval session
(10× 2min at 76% VO2peak; Radom-Aizik et al., 2010).
In terms of angiogenesis, miR-21 induces angiogenic
processes and the differentiation of endothelial stem cells
through targeting phosphatase and tensin homolog (PTEN).
This targeting process activates AKT (protein kinase B) and
extracellular regulated kinases (ERK) 1/2 signaling pathways,
thereby enhancing hypoxia inducible factor-1 alpha (HIF-1α)
and VEGF expression (Di Bernardini et al., 2014; Zhou et al.,
2014). Although, not significantly different, the slight increase of
miR-21 after HVT (1.6-fold) in the present study, is consistent
with findings from Baggish et al. (2011), in which circulating
miR-21 was significantly up-regulated (1.9-fold) in human adults
immediately following an incremental cycling step test. Based
on other findings, one reason for the increased levels of miR-21
after HVT might be prolonged shear stress, the latter of which
might not be present during HIIT. Shear stress has been shown
to regulate the expression of miR-21 in endothelial cells (Weber
et al., 2010). Nicoli et al. (2010) demonstrated that miR-21
plays a role in the integration of hemodynamics and VEGF
signaling during angiogenesis (Nicoli et al., 2010; Weber et al.,
2010). Although, HIIT produces higher blood flow velocities and
therefore, higher shear stress than during HVT, the total time of
exposure to shear stress might have been too short during HIIT
in the current study.
miR-126, an endothelial specific miRNA, regulates vascular
integrity and angiogenesis (Wang et al., 2008). miR-126 is
induced by hypoxic stress (Truettner et al., 2013) and enhances
the actions of VEGF and bFGF by repressing the expression of
Sprouty-related protein-1, an inhibitor of angiogenic signaling
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FIGURE 2 | Normalized expression level for miR-16 (A), miR-21 (B), miR-126 (C) and VEGF mRNA (D) before (pre), during (d1, d2, d3), and after (0′, 30′,
60′, 180′) each intervention HIIT (triangles, broken line), and HVT (squares, solid line). *Significant different compared to pre-values of the same intervention
(p < 0.05); #significant different to HIIT (p < 0.05). Values are presented as means ± SE.
(Wang et al., 2008). In the present study, miR-126 was
not affected by the HIIT session. In previous studies with
untrained human adults (42.0 ± 2.0mL·kg−1·min−1), miR-126
was significantly down-regulated (1.53-fold) following a high
intensity interval unit (10 × 2min at 76% VO2peak; Radom-
Aizik et al., 2010). The increase of miR-126 during (3.0-fold)
and 60min after (2.8-fold) HVT is in line with previous studies
with human adults, although these studies investigated longer
exercise durations than in the present investigation. Uhlemann
et al. (2014) found that a 4 h cycling session at 70% of subjects’
anaerobic threshold increased miR-126 plasma concentration
with peak values occurring 30min after the start (4.6-fold), which
remained elevated up until the end of the training session (4.0
± 0.8 -fold). In contrast to miR-21, Hergenreider et al. (2012)
demonstrated that shear stress had neither an influence on miR-
126 expression in Human Umbilical Vein Endothelial Cells, nor
on the formation of miR-126 containing vesicles (Hergenreider
et al., 2012).
Normally, the expression of VEGF mRNA is an intracellular
process in endothelial cells. However, there are different
mechanisms (exosomes, microparticles, apoptotic bodies) which
can transport mRNA into the extracellular space and into the
bloodstream (Valadi et al., 2007; Camussi et al., 2010). Previous
studies with different purposes already measured circulating
mRNA in the blood (Atamaniuk et al., 2008; Greiner et al., 2013;
Tonevitsky et al., 2013). Therefore, the measured VEGF mRNA
in the circulation might be an indirect indicator of an increased
expression, which might reflect intercellular communication or
cell damage and release of mRNAmolecules. In the present study,
a significant increase of VEGF mRNA was shown at d3, 0′, 60′,
and 180′ post-exercise for HVT, and at d1 and 30′, 60′, and
180′ post-exercise for HIIT. So far, there are no comparable data
for circulating VEGF mRNA. Hence, VEGF mRNA values from
muscle and animal models must be consulted. Compared to the
expression of VEGF mRNA in muscle biopsies, results of the
present study reveal similar findings and time courses. Studies
using muscle biopsies showed an increase in VEGF mRNA
expression after knee extension as soon as 30min post-exercise
(Richardson et al., 2000; Gustafsson et al., 2002). Hiscock et al.
(2003) measured a significant increase in VEGF mRNA during
(1.5 h) and after (0′, 60′, 180′) a 3-h low-intensity training session
(two-legged knee extension at 50% of peak workload). It can be
assumed that both training stimuli in the present study increased
the rate of expression of VEGF mRNA. Although the metabolic
(pH, lactate) and mechanical stresses (blood pressure)—which
are known to be potent stimuli to induce angiogenesis—were
significantly higher during HIIT, it seems that the total time
of exposure to the endothelium during HVT, might also be
a positive stimuli for the expression of VEGF mRNA. This is
supported by the result of the AUC for the post-exercise time
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points, which did not differ between HIIT and HVT. VEGF
mRNA increased despite the significant increase of miR-16 after
HVT and the fact thatmiR-16 has been suggested to be a potential
suppressor of VEGF mRNA. However, the amount of activators
on VEGF mRNA expression, like miR-21 and miR-126 might
prevail, causing a significant increase of VEGF mRNA.
It has already been shown that miRNAs can enter the
bloodstream under resting conditions and in response to
tissue injury and other pathological conditions (Mitchell et al.,
2008). Further, a specific regulation of miRNAs in response to
physical activity has been highlighted in a number of studies
(Radom-Aizik et al., 2010; Baggish et al., 2011). Mechanistic
conclusions on the regulation of miRNAs in response to physical
activity could not be verified in this study. A rapid up-
regulation of miRNAs after short, high-intensity exercise is not
a likely explanation for de novo transcription of miRNAs. Such
transcriptionmight be due to a post-transcriptional processing of
pre-existing inactive pre- miRNAs. This mechanism has already
been described in the literature for the miR-21 (Davis et al.,
2008). Additionally, due to the high training status of the children
in the present study (57.9 ± 9.4ml·min−1·kg−1 peak oxygen
uptake), one might expect a different regulation of circulating
miRNAs in response to exercise in untrained children. Dawes
et al. (2015) already reported a different miRNA expression
between high- and low active mice (Dawes et al., 2015). Also
in human adults differences in resting miRNA levels between
different elite athletes (endurance vs. strength) and untrained
controls were observed (Wardle et al., 2015).
CONCLUSION
In line with previous studies, the present investigation show
that acute exercise can alter circulating miRNA profiles. Our
data demonstrate a volume-dependent regulation of vascular
regulating miRNAs (miR-16, -21, -126) in children. However,
the VEGF mRNA showed a duration and intensity-dependent
regulation. So in the case of HVT, the amount of positive
regulators (miR-21, miR-126) for an increase in circulating
VEGF mRNA prevails. In the case of HIIT, VEGF mRNA is
similarly increased in the absence of positive regulators, but
also in the absence of a negative regulator (miR-16). Therefore,
it might be speculated that VEGF as a “master regulator” of
angiogenesis can be regulated differently. Future studies need to
investigate the regulation of angiogenic processes under different
exercise conditions and in different populations (young/old;
trained/untrained; healthy/unhealthy) more in detail.
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